Localized measurements of group-velocity dispersion and birefringence of photonic crystal fibers are achieved with a phase-sensitive optical low-coherence ref lectometry technique. This technique is efficient for fiber samples no longer than 1 m. Theoretical simulations are in good agreement with experimental results. As a result, the stress-induced birefringence proves to be at most 1 order of magnitude below the geometrical-shape birefringence.
A photonic crystal f iber (PCF) consists of an all-silica core surrounded by a periodic lattice of airholes running along its propagation axis. The air-silica structure exhibits an effective cladding refractive index that is lower than the pure-silica core's index, making possible the conf inement of light by total internal ref lection as in conventional fibers. 1 As the PCF may exhibit variations of waveguide properties along the fiber axis that are artifacts of the fabrication process, an unexpected birefringence (B) can be induced, and the group-velocity dispersion (GVD) can exhibit polarization dependence. 2 -4 In that context, phase-sensitive optical low-coherence ref lectometry (OLCR) is proposed here as an accurate method for characterization of the GVD and B parameters. Moreover, unlike in the conventional phase-modulation technique, to produce accurate local values of the GVD the OLCR method requires only short samples of PCF (i.e., ,1 m).
A phase-sensitive OLCR is basically a Michelson interferometer illuminated with a broadband source with a translating mirror in one arm and the fiber under test in the other, as shown in Fig. 1 . 5, 6 An Er 31 superf luorescent source with a f lat-topped spectrum allows one to characterize the PCF over the entire C 1 L band (i.e., 1525-1605 nm). A rotatable polarizer is placed in front of the OLCR photodetector to characterize each polarization mode separately. One obtains a ref lectogram by varying the optical path difference between the two arms of the interferometer at a constant velocity (ϳ0.2 mm͞s). To keep track of the absolute position of the reference mirror we use a coherent interferometer signal as a zero-crossing trigger to permit ϳ80-nm periodic sampling of OLCR ref lectogram I ͑t͒ as a function of optical path difference t:
where S͑v͒ andr͑v͒ jr͑v͒jexp͓ j f͑v͔͒ are the power spectrum of the OLCR source and the complex ref lectivity, respectively. 
We then straightforwardly obtain the GVD parameter by calculating the group-delay slope and scaling it to the fiber length (i.e., GVD 1͞2L dt g ͞dl).
A scanning-electron micrograph (SEM) of the PCF investigated here is shown in the inset of Fig. 1 . This image allows us to determine the airhole arrangement. The basic lattice of the PCF is a hexagonal array of airholes whose parameters are hole diameter d ഠ 1.89 mm and hole pitch L ഠ 2.13 mm. Ref lectograms of the front and the rear faces of the 81.4-cm-long PCF are outlined in Fig. 2 Beat lobes caused by birefringence are thus observed only in the region where the two modes overlap, i.e., when the polarizer is set at 45 ± with respect to the orthogonal axes of the polarization modes. 8 The spectrum of the PCF's rear face ref lection is depicted in Fig. 3 and compared with the spectrum of the C 1 L band OLCR source. Beat lobes that are due to birefringence are visible. Group birefringence is evaluated from the spectrum by use of the relation B l 2 ͞Dl͑2L͒, where Dl is the spectral interval between consecutive minima and 2L is the round trip over the PCF's length. 9 In this manner the minimum value of birefringence that can be measured corresponds to a maximum Dl equal to the source bandwidth (80 nm): For a fiber length of 1 m, B min is of the order of 2 3 10 25 at 1550 nm. For the characterized PCF, Dl was equal to 1.81 nm and the birefringence was B 1550nm 8.1 3 10 24 . A small asymmetry of the ref lectogram envelope with respect to the position of the scanning mirror is related to the weak inf luence of higher-order chromatic dispersion. This fact is conf irmed from the group-delay curve for both polarization modes of the f iber, as it varies almost linearly as a function of wavelength, thus verifying the predominance of first-order GVD (Fig. 4) . We determined the GVD by calculating the slope of the group-delay curve, using a third-order polynomial function. The GVD of the PCF exhibits a large positive value for both polarization modes [GVD 0 ± ഠ 152.4 ͑ps͞nm͒͞km and GVD 90 ± ഠ 155.1 ͑ps͞nm͒͞km] at 1550 nm. A low GVD slope value of 0.016 ͑ps͞nm 2 ͒͞km was determined. The accuracy of the GVD value was evaluated to be 60.3 ͑ps͞nm͒͞km from multiple consecutive measurements (ref lectogram acquisitions) .
We calculated the theoretical B and GVD values of the PCF under test to compare the experimental data with the theoretical data and to determine the origin of the f iber's birefringence. A f inite-element method was applied to the SEM to provide a full vectorial analysis of the electromagnetic f ield of the fiber structure.
10,11
The simulation reveals the existence of two orthogonal linearly polarized modes. By computing the effective indices n effx and n effy for the two orthogonal polarization modes as a function of wavelength we could straightforwardly obtain the PCF's phase and group birefringence. The calculated values of the group birefringence at 1300-and 1550-nm wavelengths were B 1300nm 5.8 3 10 24 and B 1550nm 8.2 3 10 24 , respectively. The waveguide GVD was then calculated from the effective index n eff from the relation GVD 2l͞c͑d 2 n eff ͞dl 2 ͒. The variation in material index as a function of wavelength was taken into account by use of the Sellmeier formula. 12 The evolution of the GVD was calculated for both orthogonal polarization modes as a function of wavelength, as shown in Fig. 5 . The curves are increasing functions with a zero-dispersion wavelength near 770 nm. A significant GVD difference can be observed. At 1550 nm the GVD values were 151.2 and 154.2 (ps͞nm)͞km for the two polarization modes. These high GVD values are due to predominant waveguide dispersion. Because of the ϳ1% imprecision of the dimension scale of the fiber's prof ile SEM, the uncertainty in GVD was evaluated to be 61.8 ͑ps͞nm͒͞km. Table 1 summarizes both the measured and the calculated GVD values for the two polarization modes. The model takes into account only the birefringence that is due to asymmetry of the fiber core (geometricalshape birefringence). The good agreement between the theoretical and the experimental results shows that the effect of stress on the birefringence is negligible in the f iber under test. Note that the experimental results were included in the unreliability interval of the theoretical GVD values. In addition, the f iber GVD was measured near 1300 nm. A 60-nm Gaussian-shaped super-LED source was used to produce GVD 1300nm ഠ 142.5 ͑ps͞nm͒͞km.
The phase-sensitive OLCR is a high-resolution technique used for direct and accurate measurements of GVD and birefringence of PCFs. It is possible to measure precisely the GVD value for both polarization modes as well as the birefringence. The experimental results are in good agreement with the theoretical results calculated from the real structure of the fiber sample. The application of phase-sensitive OLCR to the characterization of fibers less than 1 m long confirmed its performance as a major investigation tool in every stage of the design and manufacture of specialty fibers.
